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1. INTRODUCTION 


The development of theoretical techniques for analyzing observed impurity 
ion optical spectra in single crystals has evolved to the point where one may 
calculate! quantities that are important in understanding the behavior of 
current and possible future laser materials. These quantities include 
wavelengths, oscillator strengths, spontaneous emission rates, branching 
ratios, radiative lifetimes, and cross sections for stimulated emission, In 
this work, we report results of such calculations for the lanthanide ions in 
a promising @ laser material, LiYFy . The intensity calculations 
(unpublished) are based on electric dipole transitions as are those of other 
workers.! However, these calculations include the individual Stark split 
transition probabilities, whereas those of other workers! are limited to 
J-multiplet to J-multiplet transition probabilities determined by using the 
so-called Judd-Ofelt method.? Calculated Stark split energy levels for the 
triply ionized lanthanides, Pr through Tm, in LiYF, and the associated 


crystal field parameters, B are given along with these intensity 


km’ 
calculations in the tables. 


2. CALCULATIONS 


The ground term energy levels have been reported * for Nd°* in 


single-crystal LiYF,. These levels were used to obtain a best least-squares 


lm. M. Mann and L. G. DeShazer, J. Appl. Phys., 41 (1970), 2951; 
W. F. Krupke, IEEE J. Quantum Electron., 7 (1971), 153; M. J. Weber, 
T. E. Varitimos, and B. H. Matsinger, Phys. Rev. B, 8 (1973), 47. 

2e. P, Chicklis, C. S. Naiman, R. C. Folweiler, D. R. Gabbe, 
H. P. Jenssen, and A. Linz, Appl. Phys. Lett., IQ (1971); 119; 
E. P. Chicklis, R. C. Folweiler, C. S. Naiman, D. R. Gabbe, A. Linz, and 
H. P. Jenssen, Development of Multiply Sensitized Ho:YLF as a Laser Material, 
ECOM Technical Report 73-0066-F (October 1974). 

3B. R. Judd, Phys. Rev., 127 (1962), 750; G. S. Ofelt, J. Chem, Phys., 37 
(1962), 511. 

4D. E. Wortman, J. Phys. Chem, Solids, 33 (1972), 311. 


—— - Sk eR Aa lid di sa ae ee 
Ps “ 


X 


. PRECEDING PAGE BLANKeNOT FILMED 


fit between calculated and measured levels by varying the even-fold (even-k) 


Byam in the S,-symmetry crystal field Hamiltonian 


BS eB eS (1) 


In the same manner, H. was diagonalized here in the space of 14 lowest 
J-multiplets spanned by intermediate coupled free-ion wave functions 
calculated by using the free-ion parameters of Carnall et al’ for Nd in 
aqueous solution. The resultant best-fit B for Nd are given in table I, 


km 


row l. Also given in table I are Bm that yield a least rms deviation 


between calculated and experimental levels of triply ionized Ho and Er® in 


LiYF,, B, used in the intensity calculations for Ho, and B for Nd obtained 


km km 
from a lattice sum calculation.’ 


The Ndad?* parameters given in table I, row 1, were next used to predict 
the energy level schemes for the other lanthanides in LiYF,. Thus by scaling 
the Nd parameters of table I according to the even-k Pp; in table II, the Bm 
given in table III resulted, and these were used to calculate these various 


energy level schemes. The O% of table I1,° 


= Pins EO = 0, ) . (2) 


are lanthanide-ion dependent and relate the B to the lattice sum’ 


= crystal 


field components, Asam’ by 


Sw. T. Carnall, P. R. Fields, and K. Rajnak, J. Chem. Phys. (1968), 
4412-55. 

65. M. Kulpa, J. Phys. Chem. Solids, 36 (1975), 1317; M,. R. Brown, 
K. G. Roots, and W. A. Shand, J. Phys. C (Solid State Phys.), 2 (1969), 593. 

'N. Karayianis and C. A. Morrison, Rare Earth TIon-Host Lattice 
Interactions 1. Point Charge Lattice Sum in Scheelites, Harry Diamond 
Laboratories TR-1648 (October 1973). 


“Nick Karayianis and Clyde A. Morrison, Rare Earth fIon-Host Crystal 
Interactions 2. Local Distortion and Other Effects in Reconciling Lattice 


Sums and Phenomenological Bam’ Harry Diamond Laboratories TR-1682 (January 
1975). 


Soainsedemnedemunieas tee ake 


B 


ea Py Aan ’ (3) 


where it is assumed that the Abn are host dependent only. The érky are the 
results of smoothing the values given by Freeman and Watson;? the Ty are 
linearly interpolated calculations of Erdos and Kang; |” and the tT are 
quadratically fitted wave-function expansion parameters found in other 


studies, |! 


In order for us to make the intensity calculations by including 


5 


appropriate free-ion°? wave functions and by using the previous procedure 


(unpublished), the odd-fold Bim are required along with certain radial 


integrals and energy positions of higher electronic configurations. The last 
two quantities are listed in table II along with the Pe described earlier. 


The Alm having odd-k, however, are obtained by summing ’ over the 


LiYF, lattice. The results obtained from the lattice sum calculation are 


given in table IV. The Bam used in these intensity calculations are for a 


fluorine charge q, = -l1. For completeness, the An are given for a fluorine 
charge of -0.9 so the results for arbitrary fluorine charge may be obtained 


by linear interpolation. 


Sw. T. Carnall, P. R. Fields. and K. Rajnak, J. Chem. Phys. (1968), 
4412-55. 

’N. Karayianis and C. A. Morrison, Rare Earth Ion-Host Lattice 
Interactions 1. Point Charge Lattice Sum in Scheelites, Harry Diamond 
Laboratories TR-1648 (October 1973). 

9a. J. Freeman and R. E. Watson, Phys. Rev., 127 (1962), 2058. 

10p, Erdos and J. H. Kang, Phys. Rev. B, 6 (1972), 3393. 

lly, P. Leavitt, C. A. Morrison, and D. E. Wortman, Rare Earth TIon-Host 
Crystal Interactions 3. Three-Parameter Theory of Crystal Fields, Harry 
Diamond Laboratories TR-1673 (June 1975). 
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TABLE II. VALUES FOR Py, dy, Gg), dg, AND 4g FOR INTENSITY 
CALCULATIONS? 


a ‘= 

The 0, = Tt Kerk) - 0,), in units Ya are needed to convert lattice sums A,, 
to crystal field parameters, Bem, aS Byy = PyAnm: The dy = <4£|r*|5a> and 9, = 
<4£|r*|59), and the free-ion values (in units 10° cm!) for Mg = Esq - Egg and 


4g = *5q - Eg¢ are given where energy differences are from lowest-lying energy 
n 


levels the respective mltiplets. : 
K. L. Vander Sluis and L. J. Nugent, J. Chem. Phys., 60 (1974), 1927, Table I 
(*measured values). 


TABLE III. CRYSTAL FIELD PARAMETERS FOR TRIPLY IONIZED 
LANTHANIDES IN LiYF,@2 


Buy 8, Real Bey Imaginary Be. 


1264 

1072 ‘ XI 

xvi 

XXI 
XXVI 
XXXI 
-19 XXXVI 

837 -18 XL! 
813 =Eh . XLVII 
796 -16 , uit 
78) -16 a LVill 


*these values were obtained by scaling the crystal field parameters, Bums 


most consistent with the Nd energy levels according to the », values listed 
in table II. 
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3. RESULTS AND DISCUSSION 


The ground term energy levels" for na’? in LiYF, serve as the basis for 
all the energy level and transition probability calculations (unpublished) of 
the lanthanides in LiYF, except for Ho. (Ho is included, but was treated 


separately as part of another study.) From the phenomenological B_, which 


km 
yielded a least rms deviation between calculated and these measured 


Na’t levels, smooth sets of Bam were determined for all the lanthanides in 


LiYF, (table III). These were determined by scaling the phenomenological Ben 


of Nd according to the py (lanthanide) /p, (Nd) ratios (p, of table II). The 


predicted Bm for Ho, Er, and Tm yield calculated energy levels that are in 


nearly as good agreement with experiment as those levels determined from 


best-fit Bam for these ions. A lattice sum calculation’ yielding on in 
reasonable agreement with the even-k phenomenological Bem for Nd provided the 
odd-k parameters (the Alm are given in table IV, row 1) needed for the 


intensity calculations. By using these parameters and the approximate energy 
positions of the higher electronic configurations, the energy levels and 
quantities labeled "transition probabilities" were calculated for the 
lanthanides in LiYF, (tables V to LXIII, pp. 15 to 137). The quantities 
labeled "transition probabilities" are the squared-matrix elements between 
initial and final states, M2 


if’ 
Figo PS 


and are related to the oscillator strength, 


P= —— mw, (4) 


where Vig is the frequency difference between the initial and final states. 
i 


In the tables, the notation is that an energy level is labeled by twice the 


4D. E. Wortman, J. Phys. Chem. Solids, 33 (1972), 311. 

7N. Karayianis and C. A. Morrison, Rare Earth Ion-Host Lattice 
Interactions 1. Point Charge Lattice Sumin Scheelites, Harry Diamond 
Laboratories TR-1648 (October 1973). 


3 


crystal quantum number. Thus, wp = 0, 1, and 2, for example, corresponds to 
Tye 3 ue and Ip levels, respectively, in the notation of the S, point 


symmetry group. 


From the above calculations, quantities such as stimulated and 
spontaneous emissions, cross sections, and branching ratios can be calculated 
and compared with experiment. Also of importance, the predicted spectra of 
the lanthanides in LiYF, will be a useful tool for identifying the energy 
levels that take part in laser action and will be a valuable aid in the 
analysis of yet unreported spectra of triply ionized lanthanides in LiYF,,. 
Other quantities, however, such as magnetic dipole oscillator strengths and 
nonradiative mechanisms, must be incorporated with these calculations before 


an assessment of an actual or potential laser can be made. 
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69 SLIO LeQL4E O1 3.189E 04 2.356E 02 2e605E OL 1.657E 00 3.142E 03 ] 
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73 SLIO 1.600E 04 L.277E CO 1.6246E OC 7.222E 03 3.701E OL 6. 7ETE 03 ] 
59 5G 6 Lo SeOLLE O2 14263 OF AL273E GC 7e200E 04 7.056F O02 4.814E 93 | 
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22 1F & L.890E 04 6.835E CO 5.783E 04 4.73K8E O02 1.992F 05 Le1lC2E 93 
45 566 L 30546E OF Le3BLE O4 1.269E 03 16232E OF 5.052E 00 2.05ARF 03 
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TABLE XLII. SQUARED-MATRIX ELEMENTS PROPORTIONAL TO TRANSITION 
PROBABILITIES FOR Dy? IN LiYFy, 


id SIGMA TRANSITION PHOBABILITIES BETWEEN 2mMU = -3 ANC 2MU * 3 ‘ 
t 3 10 le 25 8 16 ar at Sb 32 34 
' eH15/2 OHL3/2 OnLi/2 6H 9/2 OHL5/2 Onk37/2 oMbis2 6FLL/2 @F 942 3 OF IIS2 oF 9/2 
3 omlss2 SeOZ2KHE-13 4.342E 03 3.696E 03 3.576E 02 2.7ORE 03 1.530F 04 3.438F 04 2.77KE 04 1e355F O2 LedLTE O2 6.O4RE C3 
10 oF13/2 Yo9HZE OF 2.HBZE-13 LISTE Ch LLLZ4E CH T.626F C% 1.0566 92 2,79TE 04 4.H2dE 04 202455E C3 STLIE 92 6.507F 04 
16 ombkis2 V.696E OF LISTE OL LCO2ZE-14 3.67IE OF 4e9DGE OH Ge23LE OF LeONSE U4 3.266EF 05 1Lo122t OF 4.7htE OF 3.066E C4 
25 br OW/7 BeSTAE OF Lel2HE O% 3.673 O32 2.65TE-13 GeAZLE 03 TeBLGE 93 5.0G6EF O% 3,.195F 06 3.7972 OL 2e7tHE O04 1.063F 03 
8 orls7z ZelGHE G3 PeO26E C4 42759F CH 4LAZITE OF F.HOBE-12 2.254F DH Se 92 9F 04% 1.4629E 0% F.bHnbF C2 4,663F C3 3,576F C3 - 
Le orl3s2 ALSBOE 04 1,056EF O2 4.2316 02 TLK29E 03 2,254E 04 3.524F-12 LISTE G* G.CORE 04 1.7O1F OF 2.72UF 0% B.166F 02 
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TABLE XLIX. SQUARED-MATRIX ELEMENTS PROPORTIONAL TO TRANSITION 
PROBABILITIES FOR Ho3? IN LiYF, 
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